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ZnO and surface erbium (Er) doped ZnO nanocrystals are synthesized by a 
one-step solvothermal process. The sensing mechanism for these ZnO-based (pure 
and Er-doped) nanocrystals is investigated at the level of atom structures. Atomic 
models for the ZnO nanocrystals before and after Er-doping are first established, and 
then surface electronic states of the ZnO-based nanocrystals are calculated in the 
framework of density-functional theory. Meanwhile, gas sensors based on these 
nanocrystals are exposed to ethanol, acetone, and tetrahydrofuran (THF), respectively. 
On the basis of theoretical simulations and sensing experiments, the relations between 
surface electronic states and sensing properties are discussed. The results show that 
the surface electronic states of ZnO-based nanocrystals are crucial for sensing 
properties, and sensibility of ZnO-based nanocrystals increases exponentially 
depending on the decrease of the bandgap. Therefore, high-sensibility ZnO-based 
sensors can be fabricated by tuning the surface electronic states. 
The porous crystalline Nd2(SiO4)3 nanoparticles with NIR emission and 
excitation have been successfully synthesized. The NIR emission and excitation are 
safe to cell and tissue. Moreover, cell assays demonstrate that 35 these NIR 
nanoparticles are very low toxic. Therefore, the nanostructures are promising 
biosafety for NIR fluorescent labels. In addition, the silicate nanoparticles are verified 
to be suitable T2 MRI contrast agents. It makes possible using these nanoparticles as 
multifunctional biomaterials. 
Oxide ion-conducting apatite-type La9.33(SiO4)6O2 hollow nanoshells are 
synthesized by a controlled route. Synthetic experiments are carried out at high 
temperatures, and well-crystalline La9.33(SiO4)6O2 hollow nanoshells are obtained. 
This type of silicate nanostructures with high oxide-ion conductivity and special 
surface area are successfully applied in OCM reaction as energy-saving nanocatalysts. 
Enhanced catalytic performance for OCM reaction catalyzed by La9.33(SiO4)6O2 
hollow nanoshells at relatively low temperature is verified, which is attributed to the 
oxide ion-conductivity and novel hollow nanostructures. 
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Chapter 2. Theoretical Simulations for ZnO-Based Nanocrystals 




In recent years, various nanostructures have been grown and used for preparation of 
film or isolated field-effect transistor sensors.[1-5] The nanostructures with large 
surface-to-volume ratio are attractive for sensor applications due to their enhanced 
sensing performance. For example, sensors based on quasi-one-dimensional 
nanocomponents (nanowires and carbon nanotubes) have led to unprecedented 
sensitivity in biological detection, even down to single molecule level.[6-7] Among 
types of sensing materials, semiconductor oxides (ZnO, SnO2, TiO2, etc.) play 
important roles in practical applications due to their excellent characteristics such as 
high sensibility, low cost, rapid response, and fast recovery.[8] Nowadays, 
semiconductor-oxide gas sensors are widely used for environmental monitoring and 
industrial applications.[9-10] The sensibility of the semiconductor sensors is measured 
by recording the change in conductivity. When semiconductor sensing materials are 
exposed in air, atmosphere oxygen is adsorbed on the surface. The adsorbed oxygen 
extracts electrons from the conduction band of semiconductors leading to change in 
carrier density and conductivity. For example, n-type ZnO shows a high resistance state 
in air.[11] Subsequently, the analytes are introduced, such as oxidizing and reducing gas, 
the adsorbed oxygen concentration on gas sensors will change owing to interactions 
with the analytes, and thereby the conductivity of semiconductor oxides changes. The 
conductivity change caused by analytes is a measure of analyte concentration and 
recorded as response signals.[12] Recently, the sensing mechanism for 
semiconductor-oxide nanostructures has received growing interest due to the 
requirement for fabricating high-efficiency gas sensors. It is desirable to design sensors 
with tailored properties based on the detailed mechanism. Up to date, some models for 
semiconductor-oxide nanosensors such as the point contact model,[13] face contact 
model,[14] and surface depletion model,[15-16] etc., have been reported. However, the 
proposed mechanisms deduced from these models are just argued based on 
experimental phenomena, which can illustrate the sensing process qualitatively, but they 
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even predicting the sensing results. To address these key issues, it is very necessary to 
investigate the sensing mechanism by virtue of the theoretical simulations combined 
with experimental verifications. With the development of computational capability, it 
makes feasible using theoretical simulations study nanostructures.  
In this paper, ZnO and surface Er-doped ZnO nanocrystals were synthesized by a 
one-step solvothermal method. The sensing mechanism of these ZnO-based 
nanocrystals was discussed based on the theoretical simulations and sensing 
experiments. The results showed that the surface electronic states of ZnO-based 
nanocrystals were crucial for the sensing properties. The sensibility of ZnO-based 
nanosensors increased exponentially depending on the decrease of the bandgap. 
Significantly, the enhanced sensibility of Er-doped ZnO nanocrystals was successfully 
predicted by theoretical simulations and confirmed by sensing experiments. It makes 
possible designing the gas nanosensors with tailored properties. 
 
2. Experimental Methods and Computational Details 
2.1 Materials. Znic nitrate hexahydrate (99.9%), erbium (III) nitrate hexahydrate (99.9 
%), octanol (>98 %) and n-octyl amine (>98 %) were purchased from Alfa Aesar. All 
chemicals were used as received without further purification. 
2.2 Synthesis of ZnO nanoparticles. ZnO nanoparticles were synthesized by a 
one-step method under solvothermal conditions. In typical procedures, 5.0 mL octanol 
was mixed with 0.2 mL n-octyl amine, and then 0.1 mL 1.0 mol/L Zn(NO3)2 solution 
was added. After stirring for 0.5 h, the mixture was transferred into a 10-mL autoclave, 
and heated at 200 oC for 10 h. The obtained ZnO nanocrystals were centrifuged and 
washed by absolute ethanol and ultrapure water (18.2 MΩ) for five times, respectively. 
Finally, the products were dried and collected for characterization. 
2.3 Synthesis of Er-doped ZnO nanoparticles. The 0.1 mL 1.0 mol/L Zn(NO3)2 
solution was replaced with a stock solution of 0.1 mL 1.0 mol/L Zn(NO3)2 containing 
0.01 mmol Er(NO3)3. The other procedures were the same as synthesis of ZnO 
nanoparticles. 
2.4 Characterization. Scanning electron microscope (SEM) experiments were 
performed using a HITACHI S-4800 electron microscope. Energy dispersive X-ray 
(EDX) analysis was performed with an EDX system attached to the HITACHI S-4800 
electron microscope. X-ray photoelectron spectroscopy (XPS) was recorded by VG 
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(HRTEM) experiments were performed using a FEI TECNAI F30 microscope with an 
acceleration voltage of 300 kV. X-ray powder diffraction (XRD) patterns were obtained 
using a Panalytical X’Pert diffractometer using Cu Kα radiation. Photoluminescence (PL) 
was examined on a Hitachi F7000 fluorescence spectrometer. 
2.5 Computational details. Theoretical calculations were performed in the framework 
of density-functional theory,[17-18] within the generalized gradient approximation 
(GGA),[19-21] using the Vienna Ab-initio Simulation Package (VASP).[22-25] ZnO 
(0001)-Zn surface model was applied to simulated local area of the nanocrystal 
approximately, which was periodically extended by the atomic slab containing five ZnO 
double layers. Each double layer in the supercell included nine Zn and nine O atoms to 
form a (3×3) surface cell. A 12 Å thick vacuum layer was applied for separating the 
slabs and ensured that the influence of the surfaces could be neglected. To obtain the 
electronic properties of the surfaces, H atoms were introduced to saturating the broken 
surface bonds at the bottom of the slab. The interactions between ions and electrons 
were described by ultra-soft pseudopotentials for Zn and O atoms, and projector 
augmented wave (PAW) method for Er atom. The Zn-3d4s, O-2s2p, and Er-4f6s were 
employed as the valence electrons. A planewave basis was set as 396 eV, and cutoff 
was used to expand the electronic wavefunctions at special k-points generated by an 
(8×8×1) Monkhorst–Pack scheme.[26] Lattice optimizations were carried out by the 
conjugate-gradient technique, using the calculated Hellmann– Feynman forces as a 
guide.[27] All the atomic geometries were fully relaxed until the forces on all the atoms 
were converged within 0.01 eV/Å. 
2.6 Fabrication of gas sensors. The gas sensor was fabricated as follows: two Pt 
electrodes were placed on the surface of the ceramic tube, and the heating resistance 
coil was inserted into the tube. The nanoparticles were deposited uniformly on the tubes. 
The obtained sensor was first dried at 200 oC for 1 h, and then followed by an aging 
process at 300 oC for 24 h. Finally, the sensor was connected to the outside electronics 
(Figure 1) to monitor the conductivity change independently. 
The sensitivity (S) of gas sensor is defined as S = Rair/Rgas and calculated based on 














,                                          (1)              
where Rair is the resistance in ambient air and Rgas is the resistance in the target gas 
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introduced, respectively. Vref is the reference voltage which is set as 5 V in our 
experiments. 
 
Figure 1. Schematic illustration of the gas sensor based on ZnO and Er-doped ZnO 
nanocrystals. 
 
3. Results and discussion  
 
  
Figure 2. SEM images of the ZnO (a) and Er-doped ZnO nanocrystals (b); HRTEM 
images of the ZnO and Er-doped ZnO nanocrystals (insets in (a) and (b)).  
 
SEM images of ZnO and Er-doped ZnO nanoparticles are shown in Figure 2a-2b. 
The mean grain sizes calculated from morphology analysis are ~25 nm for ZnO 
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